trgp,

~ KINETIC STUDIES OF THE OXYGEN-PXROXIDE COUPLE
Fsed ON PYROLYTIC GRAPHITE

by

sIkram Morcos and Ernest Yeager

/

1 December 1968

Office of Naval Research
Contract NOOOlhe67=C~0389

Project NR 359=277

Reproduced by the

. CLEARINGHOUSE
for Federal Scientific & Technical
Information Springfield Va. 22151



i Ty | P i RS TR T

OFFICE OF NAVAL RESEARCH
Contract NOOOlle6T=C=0389

Project NR 359=277

TECHNICAL REPORT NO. 22

KINETIC STUDIES OF THE OXYGEN-PEROXIDE COUPLE

Ol PYROLYTIC GRAPHITE

by

Ikram Morcos and Ernest Yeager

Department of Chemistry
CASE WESTERN RESERVE UNIVERSITY
Cleveland, Ohio L4106

1 December 1968

Reproduction in whole or in pert is permitted for
any purpose of the United States Government

This document has been approved for public release
and sale; its distribution is unlimited

C e e R YT Sy

- —



.

Security Classification
DOCUMENT CONTROL DATA = K & D

(Sesurity classification of title, body of abstract and indexing annotation mus:

b

ATING A Y (Corporate Author JRY SECURITY

Case Western Reserve University Unclassnified
Cleveland, Ohio LL106, USA 5. GROU

3+ REPORT TITLE
KINETIC STUDIES OF THE OXYGEN-PEROXIDE COUPLE ON PYROLYTIC GRAPHITE

L. DESCRIPTIVE NOTES !Typc of report and inclusive dates —_—

Technical Report, lio. 22

5. AULHORS [LAST NAME, FIRST NAME, INITIAL)
Morcos, Ikram, and Yeager, Erncst

6. REPORT DATE Ta. TOTAL NO. OF PAGES Tb. NO. OF REFS
1 December 1968 LS i9
Ts. CONTRACT OR GRANT NO. 9a. ORIGINATOR'S REPORT NUMBER(S)
NOOO1lU=6T=C=N389 Technical Report lo. 22
b. PROJECT NO. NR 359=c (7 9b. OTHER REPORT NO(S) (Any other numbers

that may be assigned this report)

S e—— S —

10 DISTRIBUTION STATEMENT
This document has leen approved for puvlic release and sale; its
distribution is unlimited

11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

one Officc of Naval Research
Washington, D- C. 20360
Ccde 472, Chemistry Progrem

13. ABSTRACT

The cathodic and anodic properties of the oxygen=-peroxide couple have been
studied on ordinary pyrolytic graphite, high pressure annealed pyrolytic greaphite
and eingle crystal graphite in alkaline solutions using the rotating disc
technique. Both tne reduction of 07 and oxidation of peroxide are inhioited on
the cleavage surface of the oriented graphite relative to the edge surface. This
difference in behavior is attributed to the lack of suitable adsorption sites on
the cleavage surface tor the reacting species and/or intermediates.. The currente
pctential date, reaction orders, and stoichiometric number support the following
mechanism: O, + Op(ads); Op(ads) + HOH + e ~ HOp(ads) + OH™; 2 HOp(adc) + O™ -+
HOo™ + 0, + HOH, with the first and second steps rate controlling for the cathodic
reduction

Unclagsified
Security Classification

ii



ed
Bzcurity Classification

DOCUMENT CONTROL DATA « R & D

1k. KEY WORDS
Oxygen electrode

Oxygen=peroxide courle
Rotating disc elzctrode
Graphiite electrodes
Electrochemical kinetics

Electrode processes

(continued)

iii

(ol e

Unclassified

Security Classification



W e

TABLE OF CONTENTS

Pagi

TITLE PAGE i
DOCUMENT CONTROL DATA = R & D ii
TABLE OF CONTENTS iv
LIST OF FIGURES v
LIST OF TABLES vii
Introduction 1l
Experimental Procedure 2
Experimental Results 6
Discussion of Mechanisms 15
ACKNOWLEDGEMENT 27
REFERENCES 27
DISTRIBUTION LIST Ly

iv



Figure

-
g i
o e 3L BT AT A TR - i - ¢ My A

LiIST OF FIGURES

Electrochemical cell (counter electrode and gas saturation
tube not shown)., A = Teflon coated rotating 3teel shaft,

B - gas inlet, C = Teflon cover, D = Viton O=ring, E = Luggin
capillary, F = Teflon cell, G = drain tube, H = working
electrode (graphite), I = Kel=F electrode mounting, J =
solution level, K = connection to reference electrode.

Reduction of 0o on high pressure annealded pyrolytic graphite.
- gdge Orientation, =-- cleavage orientation. Electrolyte:
1 M KOH, pressure 02: 0.97 atm, tempersture: 22°C, electrode
area: 0,22 cm. Rotation rates indicated on curves in rpa.
Direction of sweep indicated by arrowvs,

Reduction of O on cleavage orientation of ordinary pyrolytic
graphite. Electrolyte: 1 M KOH, pressure 02: 0.97 atm,
temperature: 22°C, electrode area: 0,196 cm Rotation rates
indicated on curves in rpm. Direction of weep indicated by
arrovs.,

Reduction of 0o on edge surface of high pressure annealed
pyrolytic graphite., Electrolyte: 1 M KOH, pressure 05: 0.97
atm, temperature: 22°C, area: 0.22 c;z. potential: «0,L3 V re
Hg/lgO, 1 M KOH. Curve A: smooth curve through points obtained
from Fig. 2 (sweeps in cathodic direction). Curve B: diffusion
limiting current determined from slope of plot in Fig. 6.

Reduction of O, on cleavage surface or orginary pyrolytic
graphite. Electrolyte: 1 4 KOH, greuure 02: 0,97 atm,
temperature: 22°C, area: 0.196 cm€, potential: «0.43 V re
Hg/lig0, 1 M KOH. Curve A: smooth curve through points
obtained from Fig. 3. Curve B: diffusion limiting current
determined from slope of plot in Fig. T,

Reduction of 02 on the edge surface of high pressure annealed
Jyrolytic graphite at fixed potentials. Electrolyte: 1 M KOH,
ressure 02: 0.97 atm, temperature: 22°C, area: 0.22 cm?,

vurve A: =0.43 V re Hg/HgO, 1 M KOH, Curve B: =0.30 V, Curve
C: =0.25 V.

Reduction of O, on cleavage surface of ordinary pyrolytic
graphite at fixed potentials. Electrolyte: 1 M KOH, pressure
02t 0.97 atm, temperature: 22°C, area: 0.196 C;2c Curve A:
-0,43 V re Hg/HgO, 1 M KOH, Curve B: =0.30 V, Curve C:

0,25 V.

Reduction of O, on edge surface of high pressure annealed
pyrolytic graphite with peroxide added. Electrolyte: 0.004T M
Ho0o + 0.953 M KOH, pressure Op: 0.97 atm, temperature: 22°C,
electrode area: 0.22 cm®. Rotation rates indicated on curves
in rpm,

v

Page

30

3l

32

33

3k

35

36



i — e B ——

TR AT P S 5 e S —

LIST OF FIGURES (Continued)

Figure Page

9 Reduction of 0, on edge surface of high pressure annealed
pyrolytic graphite. Conditions: same as for Fig. 2.
Rotation rates indicated on curves in rmp. [Curves exiend
only over region where they could be established with

reasonable accuracy from Fig. 2.) 37
10 Overpotential plot for the reduction of 0, on high pressure
annealed pyrolytic graphite. Curve A = 1500 rpm, deta from

Fig. 8. Curve B = 3600 rpm, data from Fig. 8. Curve C -
4800 rpm, data from Fig. 11. 38

1l Reduction of 02 on graphite. Pressure 0p: 0.97 atm, tempera=
ture: 22°C, Curves A,B: single crystal graphite, cleavage
surface area: 0.22 cm?. electrolyte: 1 M KOH, rotation rete:
6000 rpm. Curves C,D,E: High pressure mnea.led pyrolytic
graphite, cleavage surface, area: 0.196 cm2, electrolyte:
0.07 M HO2™ + 0.93 M KOH. 39

12 Oxidation of HO, on high pressure annealed pyrolytic graphite.
Electrolyte: 0,070 M HO, + 0.93 M KOH, pressure 02: 0.97 atm,
temperature: 22°C, elecgrode area: 0.22 cm2, rotation rate:

1200 rpm. Curve A: edge surface, lst scan, Curve B: edge
surface, Uth scan, Curve C: cleavage surface, lst scan (either
direction). Lo

13 Oxidation of peroxide on cleavage surface of ordinary
pyrolytic graphite. Electrolyte: 0.079 M HOo™ + 0.921 M KOH,
pressure 02: 0.97 atm, temperature: 22°C, electrode area;
0.196 cma. rotation rate: 1200 rpm. Curves A: 1lst scan,
Curves B: lLth scan. 1

14 Dependence of oxidation of HO,” on pH for cleavage surfr:e of
ordinary pyrolytic graphite .E constunt electrode potential.
Electrolyte: 1 M KOH + 0.078 M Hp0, + varying amounts of
Ho80),, pressure 02: 0.97 atm, temperaturex 22°C, rotation rate:
1200 rpm, area: 0.196 cm®, potential: 0.30 V re Hg/HgO, 1 M KOH. L2

15 Overpotential curves for the ferrieferrocyanide couple on high
pressure annealed pyrolytic graphite. Electrolyte: 0.005 M
K3Fe(CN)g + 0,005 M K, Fe(CN)g + 0.5 M Ko50), adjusted to pH "3,
tempeuture. 25°C, rotation rate: 3920 rpm. Curve A: edge
surface, Curve B: cleavage surface. 43

vi



TABLE

II

Il

LIST OF TABLES

PAGE

Comparison of experimental and calculated values for B', 9

Parametcrs involved in the calculation of the apparent

exchange current densities for the ferri-ferrocyanide

redox couple on the cleavage and edge surfaces of high

pressure annealed pyrolytic graphite. 16

Parameters involved in the determination of the apparent
stoichiometric number (v) for the reduction of 0o in

Op-saturated (0.97 atm) solution containing 1 M KOH

+ 0,047 M H,0o at 22°C (based on Figs- 8 and 10). 21

vii

”
L L, g ——

5, e P



b e Bl g BU

KIXETXIC STUDIES OF THE OXYGEN-PEROXIDE COUPLE
ON PYROLYTIC GRAPHITE
by

Ikram Morcos® and Ernest Yeager
Department of Chemietry

Case Western Reserve University

Cleveland, Ohio
INTRODUCTION

Oxygen is quantitatively reduced to peroxide on carbon and graphite in
alkaline lolutionll°3, The further reduction to the hydroxide usually does
not occur at an appreciable rate on such surfaces in the absence of added
catalysts., Isotopic studies2 with 018 have indicated that the reduction of
02 to 502- a2 vell as the reverse anodic process do not involve the actual
rupture of the 0-0 bond but rather just the mndification of the bond type.

In earlier work in the authors' laboratory3 the current=potential curves
for this couple were determined on various carbonsand graphitee using the
rotating disc technique to control transport of reactants and products through
the solution phase. The cathodic overpotential was found to be a linear
function of log [i/(id-i)] with a slope »f approximately =0.12 V/dezade,
where i and id are the current density and diffusion limiting value for such,
respectively. The apparent exchange current density was found to show
surprisingly little variation among the several types of carbon and graphite
exanined.

Cn the basis of the observed cathodic Tafel slope (=0,12 V/decade) aud

the first order dependence of the kinetics of the reduction on dissolved 02

% Now at McGill University, Montreal, Canada.
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concentration, the rate-determining step for the 02 reduction was suggested to

be the one=electron transfer process

0, + e ::‘: 02-(ld) (1)

with a value for the transfer coefficient of 1/2. It is interesting to note
that the superoxide anion 02' has been shown to be a rether stable intermediate
in 02 reduction in aprotic solvents in the work of Maricle and Hodglonh.

An important question which was not resolved in the earlier work was the
role of the carbon surface and in particular whether the reduction proceeds
more readily on the cleavage surface which :poses the aromatic nreorbital
electrons or the edge (parallel to the C axis) which should be covered with
various C=H=0 chemical groups. The availability of highly oriented pyrolytic
graphites as well as single crystal graphite permits this question to be

resolved. The examination of the kinetics of the 0_=peroxide couple on such

2
surfaces has been the objective of the present work.
EXPERIMENTAL PROCEDURE

Current-voltage curves have been obtained by slow linear sweep voltammetry
with a Wenking potentiostat and a motor-driven potentiometer as a source of
scanning voltage. An x-y plotter (Houston Instruments, Model HR-96) was used
to record the current as a function of potential: All results reported in this
paper are for a scanning rate of 1 V/min. Slower scanning rates also have been
examined but no significant differences were found.

The measurements have been carried out on various pyrolytic graphitesb as
well as single crystal graphiteb, The latter was naturally occurring and was

leached out of a block of marble with hydrofluoric acid, followed by purifica-

tion with high temperature treatment with chlorine. All of the pyrolytic

b These materials were supplied by the Union Carbide Research Center, Parma,

Ohio.
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graphites were produced by decomposing hydrocarbons at elevated temperatures
(21800°C). Of special interest are the measurements on those pyrolytic
graphites which were subjected to high pressure-high temperature annealing at
3000°C. These materials are similar to those described by Ubbelohde sg‘glos
and have a vell developed laminar structure and the appearance of black mica.
Both the cleavage and edge surfaces have been examined electrochemically.

The rotating disc technique6 has been used to control mass transport in
all of the measurements reported herein. Because of the fragile nature of the
electrodes and the difficulty ol preparing electrodes in cylindrical shapes,
the electrodes were not force fitted into Teflon cylinders as in the earlier

3 at Case Western Reserve but rather compression moulded into Kel-FC

work
holders. The graphite electrode was placed at the bottom of a chromium plated
stainless steel cylinder which then was filled with granules of Kel-F. The
cylinder was next heated to 300°C for 30 min. with a piston pressure of LO atm
and allowed to cool down to room temperature at this pressure. The KeleF
cylinder with the graphite electrode at the bottom was machined to the required
dimensions and compression fitted into a Teflone=coated steel shaft.

All of the ordinary pyrolytic graphite electrodes and the high pressure
annealed graphite electrodes with the cleavage plane exposed .0 the solution
had disc-shaped surfaces with areas of =0.2 cm2, In prior work3 the dependence
of the limiting current on the rotation rate has been examined with this type
of rotating disc electrode for the tri-iodide ion reduction. The results were
virtuslly identical (within 2% when normalized for radius) to those reported
by Nelscn and Riddiford7 for rotation rates frcm 106 to 1800 rpm.

For tiie edge orientation of the high pressure annealed pyrolytic graphite

and the single crystal graphite, non-circular surfaces approximating a square

¢ Tnis polymer (polychlorotrifluoroethylene) was supplied in the form .f

moulding powderby the Minnesota Mining and Manufacturing Co.
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were exposed to the solution because of difficulties encountered in attempts
to machine d: - In other studies8 in the authors' laboratory, a comparison
has been made of the oxidation of ferrocyanide on square (0,201 cme) and
circular (0,185 cm2) nickel electrodes mounted in a KeleF cylinder of the same
diameter (1.1 cm) as used in the present study. The limiting current density
vas found to be the same within 3% for the two electrodes at all of the
rotation rates examined (900-64L00 rpm). The shapes of the current=voltage
curves also were nearly the same in a 0.005 ﬂ.K3Fe(CN36, 0.005 ﬁbthe(CN)6.
0.5 g,xzsoh solution. Consequently it does not appear that any substantial
error wvas introduced in the present studies by the use of square graphite
electrodes for part of the measurements.

For the cleavage surface of both the high pressure annealed pyrolytic
graphite and the single crystal graphite, a fresh surface was exposed by
placing a piece of plastic cdhesive tape in contact with the graphite surface
and then pealing off a thin layer with the tape. The surface so exposed had
the appearance of a black mirror. The adhesive covered surface of the
plastic tape was not touched to the Kel=F mounting- With the edge orientation
of the high pressure annealed pyrolytic graphite and the ordinary pyrolytic
graphite, a fresh surfiuce was exposed by removing & thin graphite layer with
& sharp stainless steel cutting edge- To maintain co=planarity of the
electrode surface with that of the Kel=F mounting, the graphite electrode was pushed
forward glightly in the Kel-F mounting after the surface was pealed or cut
each time. This was not possible with the single crystal graphite because
of its irregular shape.

The only treatment given to the pyrolytic and single crystal graphite
el.ectrodes after machining or cleaving was & thorough rinsing with 1 M KOH
solution.

The cell (Fig. 1' was constructed entirely of Teflon except for the

graphite electrode mounting and the lg/lig0,1 M KOH reference electrode
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compartment which was made of Pyrex glass. The reference electrode compartment
vas vwell isolated from the main cell compartment by a Teflon solution bridge
and a Teflon intermediate compartment. A Luggin capillary made of Teflon was
press fitted into the end of the solution bridge inside the cell. The tip of
the Luggin capillary extended to =3 mm below the surface of the graphite workirng
electrode (see Fig. 1). The counter electrode consisted of a bright platinum
(99.99% pure) sheet, 3.0 x 4.0 x 0.007 cm in dimension. The platinum sheet was
spot welded to platinum wire of equal purity and was vertically mounted near the
wall of the cell by means of a Teflon support rod extending down from the

Teflon cover of the cell. The cell had a volume of 250 cm3

and was usually
3/4 filled.

Except where otherwise noted, the measurements were carried out in 1 M KOH
svlutions prepared from Baker reagent grade KOH pellets (0,2% carbonate) and
triply distilled water. No attempt was made to remove the carbonate initially
rresent in the KOH. For some of the measurements, a known volume of standardized
l=2 §'H202 solution was also added to the KCH solution. The peroxide solution
was prepared from unstabilized 90% hydrogen peroxide (Buffalo Electrochemical
Co.) and triply distilled water. After the completion of a set of measurements
a sample of solution was withdrawn from the cell and the peroxide concentration
determined by titration with potassium permanganate solution. The hydroxide
ion concentration was also determined by titration with a standardized acid
solution,

The commercial oxygen gas (Ohio Chemical Co.) used in this study was
purified by means of a gas train which included Hopcalite (Mine Safety Appliance

Co.) to convert CO to 0,, and high area rutile (Tioz) in a dry ice-acetone

2’
trap to adsorb any organic residuals. The helium gas (Okio Chemiccl Co.) used

to agitation the solution during pre-electrolysis was purified by passing it

through a gas train which included heated copper turnings to remove O, and

2

silica gel in a liquid nitrogen trap to remove other impurities.



Before each series of measurements the solution was pre-electrolyzed
within the Teflon cell between two ancillary bright platinum electrodes
(4 cm2 each) at a cell voltage of 1.4 V for at least 24 hrs with agitation
provided by bubbling purified helium thorugh the solution. The pre-
electrolysis electrodes were removed from the solution after the completion
of the pre=-electrolysis.

The use of platinum for a counter electrode and pre-electrolysis
electrodes leads to contamination of the solution with platinum but it is very
difficult to find other electrode materials which do not present similar

difficulties. In other studiesg

of oxvgen reduction kinetics on gold in
alkaline solutions, the trace platinum has been found to cause irreproducie-
bility probably because of changes in the extent of coverage of the gold with
platinum and the form of the platinum on the gold surface. In the present
study the cathodic measurements were quite reproducible, Furthermore the

reduction of O, on platinum usually yields close to L electrons per 02 an

2
contrast to the present measurements on graphite where only 2 electrons per
02 vere obtained. It is interesting to note that the cathodic measurements
made with and without prior pre-electrolysis gave essentially the same results.
The level of platinum contamination should be increased with such pre-
electrolysi~ end thus the lack of any significant difference provides further
evidence thnat platinum contamination was not an important factor.
EXPERIMENTAL RESULTS

In Figs. 2 and 3 is shown the dependence of the cathodic current on
potential for various rotation rates on the edge surface of high pressure
annealed pyrolytic graphite and the cleavage surface of ordinary pyrolytic
graphite in the absence of initially added peroxide. The directions of the

voltage sweeps are indicated by the arrows. The hysteresis shown in

Fig. 2 is typical for voltage sweeps starting from potentials of 0 and
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extending to ~=0,6 Vre. Hg/Hg0, 1 M KOH, Unless otherwise indicated the data
obtained with increasingly cathodic potentials have been used in subsequent
graphs. The dependence of the cathodic current on the square root of the
rotation rate is shown in Figs. 4 and 5 for these same graphite surfaces for
a fixed potential corresponding to the maxima in the current in Figs. 2 and 3
(=0,43 V re. Hg/HgO, 1 M KOH). The curvature indicates combined diffusion and
kinetic control.

If first order kinetics with respect to dissolved molecular 0, are

2

involved, the observed currents are related to the rotation rate w in

radiang/sec by the equation

1 1

+ = %?-~+  —— (1)

L Y oaeve Ik oB'Wro

F1F‘
[}
h1h‘

where the diffusion limiting current I a " AB\Fo—, ik is the current corresponding
to pure kinetic control, A is the disc electrode area, f is the rotation rate in

rpm, and B is given by Newmanlo as

=1/3 -2/3)]

B = oF vi/2 c_ - [0.621 s7/3/(1 + 0.298 s + 0.145 S (1&)

and

B' = ABVG;733 (1b)
where v is the kinematic viscosity, D is the diffusion coefficient, F is the
Faradey, n is the number of electrons per mole of 02. Co is the concentration
of 0, in moles/cm3, and the Schmidt number is S = v/D. The plots in Figs. 6
and 7 indicate that the experimental data follow eq. (1) at least approximately
for various fixed potentials including that corresponding to the maxima in
Figs. 2 and 3. The slope varies somewhat at various potentials for the edge
orientation of the high pressure annealed graphite perhaps because of the use
of a rectangular rather than circular electrode-

The straight lines in Figs. 4 and 5 represent the diffusion limiting

currents (Id) determined from the plots in Figs.6 and 7 using eq. (1).
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The calculation of the values for B' corresponding to the slopes of these
straight lines in Figs. " and 5 from eqs. (la,b) is complicated by some
uncertainty as to the diffusion coefficient for 0, in 1 M KOH. The measurements
of Davis g&_g&,llusing the rotating disc technique and also a stagnant tube

P)

technique indicate a value of D = 1.4l x 10~ cmz/sec in 1 M KOH at 25°C

while those of Gubbins and Walker12 using the polarographic technique yield

> cm2/sec” This difference is somewhat greater than

a value of D = 1,65 x 10~
would be anticipated on the basis of the precision of the measurements. Gubbins
and Walker estimate their maximum error to be % 6%. Davis gg.glhll assume a
four-electron reduction of O2 cn both silver and platinum but such depends on
the surface condition of the electrode and the purity of the electrolyte. No
evidence is presented to substantiate that the reductions yielded exactly 4

electrons per 0 This is not a problem with the polarographic technique where

o
two distinct two-electron waves are observed. Gubbins and Walker used the first
wvave and the quite reliable modified Ilkovic equationl3~ Consequently the values
for the diffusion coefficients obtained by Gubbins and Walker appear more
reliable.

Values for B' for the disc and rectangular electrodes have been calculated

by means of eqs. (la,b) using the solubility data for O, of Davis gg_g;,l inter-

2
polated to 22°C (S = 0.87 mM at a total pressure of 1 atm) and the diffusion
coefficient data of Gubbins and Walker at 25°C (D. = 1.65 x 10-5 cme/sec)

05

> cme/sec) using the mean temperature

corrected to 22°C (D02 = 1.53 x 10

coefficient estimated from the data of Davis et al- (3 1n D, /3T = 2.4%/°C).
2
The experimental and calculated values for B’ are shown in Table I.



TABLE I. Comparison of experimental and calculated values for B',

-B' x 10° (mA/ V sec)

Pyrolytic graphite electrode experimental® calculated®

1. Disc electrode (A = 0,196 cm®) 1.0, 0.86
(ordinary)

2. Rectangular electrode (A = 0.22 cm®) 11, 0.97

(high pressure annealed)

Determined from Figs. 6 and T using eq. (1).

b Based on two electrons per 020

The calculated values are approximately 15% lower than the experimental values
based on a two=electron process, Such a deviation is relatively smallabut not

negligible and may reflect some small deviation from two-electrons per 02

molecule diffusing to the electrode either because of subsequent reduction or
surface «catalyzed decomposition of some of the peroxide generated at the
electrode or direct reduction of O2 to water without peroxide in solution as
an intermediate. To check on peroxide reduction or decomposition, the
behavior of hydrogen peroxide on the cleavage surface cf ordinary pyrolytic
graphite and the edge surface of the high pressure annealed graphite was
examined in helium saturated solutions containing hydrogen peroxide but no

initi.lly added O The current on either surface at the most was only a few

2"
percent of the maximum values in Figs. 2 and 3 at potentials less negative
than =0.50 V even with peroxide concentrations in excess of 0.1 M, which is
several orders of magnitude greater than that present in measurements made
without added peroxide.

The reduction of 02 also has been examined on these graphite surfaces in
Oa-saturated solutiorn= containing from 0.0003 to 0.07 M hydrogen peroxide.

The addition of the hydrogen peroxide, hcwever, produced a small decrease

rather than an increase in the catnodic current at potentials less negative
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than «0,50 V (see e.g., Fig. 8). The effect was found to increase with
increasing peroxide concentration. Furthermore for a given peroxide concentra-
tion the effect was very small upon first addition of the peroxide and became
greater vhen the voltage scans were repeated several times, This indicates that
the peroxide modifies the surface properties of the graphite even when present
at only low concentrations (e.g., =103 M). At more negative potentials
than =0.6 V the current was substantially increased because of peroxide
reduction (compare Fig. 8 with Fig. 2).

On the basis of the experiments in peroxide containing solution both with

and without 0, saturation, it does not appear that the small difference between

2
experimental and calculated diffusion limiting current arises from peroxide
reduction or decomposition. The possibility that some small fraction of the 02
is reduced to water without peroxide as an intermediate can not be disproved on
the basis of the present experiments. Prior analytical experimentals with
various graphite and carbon electrodes of larger area in the authors' laboratory,
however, have indicated that the reduction of oxygen proceeds quantitatively to
peroxide in alkaline solutions at the low peroxide concentrations involved in

the present work. Direct four=-electron reduction of 0, to water might occur on

2
traces of platinum deposited on the graphite, however, but such an explanation
is rather questionadle. ‘

Supersaturation of the solution with 02 may have occurred because of the
vhipping of small bubbles into the solution during the operation of the rotating
disc electrode. For example, bubbles of 10 microns diameter can lead to
supersaturation in excess of 20%. This effect alone could readily explain the
small difference in experimental and calculated B' values in Table I. In any
event, the difference is sufficlently small so as not to disturb the inter-

pretation of the O, electrode kinetics significantly.

2



11

The hysteresis evident in the cathodic studies (Figs. 2,3,8) is apparently
caused by a slow change in the state of the electrode surface at various
potentials. The effect is more pronounced when the voltage scan extends to
potentials quite anodic to the open circuit value. A small difference persists
at open circuit even in peroxide containing solutions (Fig. 8). This suggests
that the open circuit potential is under mixed control. While one of the
couples is undoubtedly 02-H02';the second couple must have a reversible
potential at more negative potentials than the 02-H02' couple since the rest
potentials are slightly cathodic (by 10 to 20 mV) to the calculated reversible
potential for the 02-H02- couple, The only possibility is some couple associated
with the oxidation of the graphite.

In Figs. 9 and 10 are plots of the potential vs the function log [i/(iL-i)]
for the current-potential data given in Figs. 2 and 8 with iL taken as the
maiimum current or value corresponding to the plateau. The data for ordinary
pyrolytic graphite in Fig. 3 yield/ a plot virtually identical to that for the
high pressure annealed material in Fig. 9. The function log [i/(iL-i)] will be
shown later to be the appropriate function for such plots when a limiting
current corresponding to diffusion or kinetic control or combined diffusion=
kinetic control are involved. These plots are linear over up to two decades
and have slopes of ~0,1l V/decade in 1 M KOH without any peroxide added and
-0.14 V/decade in 1 M KOH + 0.04T M H,0,, both virtually independent of rotation
rate.

The pH dependence of the cathodic current at a constant potential against
an external reference electrode has been examined on the edge orientation of the
high pressure annealed graphite by adding given amounts of concentrated sulfuric
acid to the oxygen saturated 1 M KOH solution at time intervals of 60 tn 90 sec

at a constant rotation rate. A steady state current was achieved within

d Based on a standard reduction potential3 of E° = «0,048 V at 25°C.
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30 to 60 sec after each addition of acid. Over the pH range 14 = 9.7 the
cathodic currents decreased by less than 50% at a potential of -0,4 V re
Hg/Hg0, 1 M KOH. The interpretation of this small change is complicated by
changes in Jjunction potential and oxygen solubility. Such a small change
corresponds to an apparent reaction order of less than 1/10 and probably
reflects changes in the state of ionization of eacid and alkaline organic groups
on the edge surface. The reaction order with respect to OH will be taken as

zero under these conditions. Since the dissociation constantlh of H202 is

12

2,4 x 107, the pH studies did include the range over which the product of

the cathodic reduction shifts from the perhydroxide ion H02 to uidissociated

Haozo

The reduction of oxygen on the cleavage surfaces of the single crystal
graphite and high pressure annealed graphite (Fig. 1l1) proceeds far slower
than on the edge orientation of the high pressure annealed pyrolytic graphite
or the cleavage surface of ordinary graphite. The voltage-current curves for
the cleavage surface of the high pressure annealed graphite, however, have a
shape similar to that for the edge orientation (see Fig. 2) and yield a value
of aE/alog[i/(iL-i)] = A =0,10 V/decade (see Fig. 10), Even though the currents
in Fig. 11 are very asmall compared to the diffusion limiting values for 02,
the curves are still sensitvie to etirring. This suggests that the sites at

which 0, reduction is proceeding are separated by distances comparable to or

2
larger than the Nernst diffusion layer thickness and hence that appreciable
concentration gradients are set up about these sites. These sites are
probably at imperfections in the cleavage surface where the edge orientation
is exposed. The even lower current densities found for the reduction of 02
on the cleavage surface of the single crystal are in accord with this explanation
since this surface should be much closer to perfect than that of the high

pressure annealed graphite.
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The edge and cleavage orientations of the high pressure annealed pyrolytic
graphite have also been examined cathodically after anodic pretreatment at 2.0 V
in Oa-suturlted 1 M KOH, The oxygen reduction curve is essential unchanged on
the edge orientation. On the cleavage surface the oxygen reduction is no
longer inhihited and the reduction curve is similar to that on ithe edge
orientation. The anodic pretreatment apparent attacks the cleavage surface and
may expose edges of the graphite planes.

The ancdic oxidation of 502' on the cleavage surface of ordinary pyrolytic
graphite and the edge surface of high pressure annealed pyrolytic graphite is
characterized by a large hysteresis effect (see Fifs. 12 and 13) and generally
poor reproducibility. A change in the surface o1 the graphite appears to
occur at these anodic potentials and to lead to a substantial decrease in the
rate constant for the peroxide oxidation. The tendency for the current-potential
curves to plateau on the first sweep in the anodic direction in Figs. 12 and 13
may correspond to a limiting current or may reflect the offsetting of the
increment in current with increasing potential by the decrease of the activity
of the surface withtime. After several sweeps with increasing and decreasing
anodic potentials, the curves showed no indication of a plateau and relatively
little further change provided the sweep rate was held constant and not
interrupted.

A comparison of Figs. 12 and 13 indicates that the anodic oxidation
both in the initial anodic sweeps and subsequent sweeps is substantially more
raversible for the edge surface of the high pressure annealed graphite than
for the cleavage surface of ordinary graphite. This is in contrast to the
cathodic behavior for which the reversibility is almost the same on both of
these surfuces. On the cleavage surface of the high pressure anneaied pyrolytic
graphite the anodic current is extremely small (Fig. 12), amounting to only
~0,08 mA/cm2 at +0.5 V on repeated sweeps with either increasing or decreasing

anodic potentials.
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Despite the poor reproducibility of the anodic measurements, plots of
log i vs potential after several sweeps to anodic potentials of 0.5 V re
Hg/HgO0, 1 M KOH have been made for various percxide concentrations (0,015 to
0.18 M) and found to exhibit linearity over 1 to 1.5 decades. The slopes
scatter substantially trom run to run, however, and fall in the range 0.22
to 0.26 V/decade and occasionally as high as 0.30 V/decade.

The lack of reproducibility in the anodic measurements precluded the
determination of the dependance of the exchange current and transfer coefficient
on peroxide and OH concentration. An attempt was made to
determine the reaction orders, however, in the same manner us used in the
cathodic studies by adding peroxide or sulfuric acid at a constant potential
relative to the Hg/Hg0, 1 M KOH reference electrode and constant rotation rate.
Over the peroxide concentration range 0.00065 to 0.15 M HO,~ ir solutions
formed by adding concentrated H202 to 1 M KOH the reaction order was 0.9 or
approximately 1 at a potential of +0.20 V. Dilution effects were negligible
and hence the OH™ concentration decrcased only by the amount used to
compensate the ionization of the H202 to form HOe'ﬁ

The dependence of the oxidation current on pH was examined at a potential
of C.3 V by adding concentrated sulfuric acid to a solution containing

initially 1 M KOH plus 0.078 M H The results are shown in Fig. 1k

2%
together with the dependeance of i on pH to be expected if the kinetics follow

an equation of the form

is= k[H02 ] = kK[5202] [oH7) (2)
where the bracketted quantities are the amolar concentrations end

[kO,") 3
K = e . 1073y (3)
(1,0,] [08"]

and k is the effective first order rate constant. The pH dependence at pH

above 12 approximates closely the behavior predicted by eq. (2) but at lower
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pl the experimentel data deviate by a large amount. No single set of

5 or 3202 as the

reactant, fits the observed pli dependence, This implies that either a change

reaction orders for [OH"), consistent with either HO

in reaction mechanism or rate determining step occurs at lower pH or the
state of ionization of various organic groups bound to the surface changes
or toth.

The only conclusions which can be drawn from the anodic studies are that
after several sweeps the oxidation is characterized by a quite high Tafel

slopy and is first order with respect to HO " and correspondingly zero order

2
with respect to OH™ at pH > 12.
DISCUSSION OF MECHANISMS

The inhibition of oxygen reduction and peroxide oxidation on the
cleavage surface of this high pressure annealed pyrolytic graphite and single
crystal graphite relative to the edge orientation may be produced by any of
the following:

1. differences in the electrocatalytic properties of the
surfaces,

2., & much larger ratio of true=to-aprarent area on the
edge orientation,

3, preferential adsorption of some interfering agent on
the cleavage surface,

4, preferential adsorption of some species or impurity
on the edge orientation which catalyzes the oxygen=-
peroxide reaction.

To help differentiate between these possible explanations, the behavior
of the ferri-lerrocyanide couple has been examined on these surfaces with the
rotating disc technique in a 0.005 M K3F°(CN)6 + 0.005 M K Fe(CN), solution
with 0.5 y_xzsoh as the supporiing electrolyte at pH 3. The current-voltage
data are presented in Fig. 15. The apparent exchange current densities (io)a

for the edge and cleavage surfaces have been calculated from the polarization

registance (an/ai)° at the reversible poteatial by means of the equation
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(31) '(""T" T"T ()

where n is the overpotential and (iD). and (iD)c are the observed anodic and
cathodic diffusion limiting current densities, Table Il summarizes the various
values used in this calculation. The apparent exchange current density for the
edge surface is approximately three fold greater than on the cleavage surface
of the high pressure annealed pyrolytic graphite.

TABLE II, Parameters involved in the calculation of the apparent exchange

current densities for the ferri-ferrocyanide redox couple on the
cleavage and edge surfaces of high pressure annealed pyrolytic

graphite.
(3n/3;)° (iD)a -(iD)c (io)a
(ohme=cm“) (mA/cm®) (mA/cm®) (1aA/cm?)
edge 20 h.2 4.9 3.0
Cleavage 3h :;o 9 h » 5 1.1

This difference in apparent exchange current density may be caused by a
difference in the ratio of true-to-apparent area but this difference would be
too small to explain the 15 fold difference in the oxygen reduction current
densities and 50 fold difference in the peroxide oxidation current densities.
The difference in the exchange current densities for the ferri-ferrocyanide
couple on the two orientations is more likely due to a difference iua the ionic
double layer on the two surfaces arising from the presence of polar ionizable
groups on the edge orientation and the lack of such on the cleavage surface.,
Double layer effects would be expected to be large with the ferrieferrocyanide
couple even with a high concentration of supporting electrolyte because of the
high charge of the redox reactants. With the oxygen reduction, however,

double layer effects in the presence of a supporting electrolyte should be small
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Differential capacitance messurements have been made on the two orientations
at 1000 Hz and indicate values of T1.5 ut/cm2 and 28.6 uf/cm2 for the edge and
cleavage surfaces of the high pressure annealed pyrolytic graphite respectively,
and 0.3 uf/cm? for the cleavage surface of the single crystal, all at a potential
of =0.300 V re Hg/HgO, 1 M KOH in helium saturated 1 M KOH, The ratio of the
capacities on the edgz and cleavage surfaces of the high pressure annealed
pyrolytic graphite is approximately 2.6 fold or almost the same as the ratio of
the apparent exchange current deusities for the ferri=ferrocyanide redox couple.
This may reflect the fact that both the exchange current densities and the
differential capacity of the interface are proportional to the true surface area.
It is more likely, however, that the closeness of these two ratios is coincidence
since the differential capacity should depend on the intrinsic structure of the
interface as well as the true area and hence should differ for the edge and
cleavage orientations even if both had the same true area,

The relatively low value of the differential capacitance for the cleavage
surface of the single crystal may be caused by some contribution from the space
charge within the graphite. The organization of the solution side of the inter-
face also may differ trom that normally encountered with metal electrodes because
of the hydrophobic nature of the electrode surface resulting from the satisfying
of the surface valencies in the plane of the electrode surface.

The authors believe that the difference in the behavior of the oxygen-
peroxide couple on the two orientations reflects the difference in electro-
catalytic properties of the two orientations., These two surfaces should exhibit
marked differences in their ability to adsorb reactants and intermediates in
the oxygen-peroxide reactions. A reasonable conjecture is that the edge
orientation adsorbs reactauts and/or intermediates thus providing the strong
interaction of the electrode phase with solution phase species necessary for

the reaction to proceed at a reasonable rate while the cleavage surface does not.
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The possibil .ty that some foreign species such as platinum is adsorbed
preferentially on one of the orientations and effects the kinetics of the oxygen-
peroxide couple can not be completely disproved on the basis of the present work.
The insensitivity of the results to pre=electrolysis with platinum electrodes,
hovever, is evidence against such an explanation for the difference in the
behavior of the oxygen peroxide couple on the two orientations. Furthermore
the cathodic behavior of the 02-peroxide couple on the edge orientation is

essentially the same as observed in earlier studie53’1s

or ordinary graphite
without pre-electrolysis and with graphite or carbon counter electrodes==thus
presenting no opportunity for platinum contamination of the electrodes or

solution.,

Fo

*3

the oxygen reduction on the edge orientation, the reduction of

oxygen to peroxide is first order in O, concentration and essentially zero order

2

in OH™ and 5202 or H02- concentration and has a value for the apparent transfer
coefficient of 0.5! or approximately 1/2. The large differences in the
reversibility of this couple on the two different orientations and also on
various metals is evidence that the reduction proceeds at a substantial rate
only through a strong interaction with the electrode surface and not the type
of charge transfer discussed by Ma.rcus16 for certain redox couples for which
the transition state does not involve strong interaction between orbitals of
the redox species and those of the electrode. While the number of electrons
involved in the rate determining step might be two, this appears unlikely since
the simultaneous transfer of two electrons usually results in far too high an
energy of activation. Thus the transfer coefficient a for the rate determining
step is most likely 1/2. Furthermore the rate determining charge transfer step

probably is the first electron transfer in the reduction of the O, rather than

2
the second. An apparent transfer coefficient of 1/2 could be found with the
second electron transfer as rate determining only if the fraction of the

surface sites covered by the adsorbed intermediate which is the reactant for
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this step is large. This seems rather unlikely with any of the intermediate
species which would be expected in the oxygen reduction to peroxide without
bond cleavaga.

An examination of Figs. 2, 3, 6, 7, and & indicates that the current density
corresponding to pure kinetic control (ik) in eq. (1) passes through a maximum
or a plateau with increasing cathodic potentials. This probably means that a
step wvhich is to a first approximation potential independent is involved in the
reduction of O2 to peroxide. The current then may decrease somewhat at more
cathodic potentials after passing through the maximum because of secondary
effects associated with a decrease in the electrocatalytic activity of the
electrode surface. At even more cathodic potentials the overall current again
increases probably because of peroxide reduction and/or direct reduction of 02
beyond the peroxide state. An alternative but less likely explanation is that
the maximum or plateau may be caused entirely by a very substantial decrease
in the electrocatalytic activity of the surface which offsets or rore than
offsets the usual increase of the rate of the charge transfer processes with
increasing potential.

An attempt has been made to evaluate the stoichiometric number from the

2 2

(Fig. 8). The apparent exchange current density (io)a was determined from

current-potential data for the reduction of O, in solutions containing HO

the intercept - with the abscissa in Fig. 10 with the equation

RT o a
N & = smm | ] eestem o 1n =——ewm— (5)
aF iL-1 =i

vhere iL is the current densitye'corresponding to the observed plateau in the

currentevoltage curve, Equation (5) is valid when charge transfer is partially

e

In this paper, cathodic currents (including ij) are taken as negative and
anodic currents as positive,
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rate controlling with the back reaction negligible and the observed limiting
current is caused by either mass transport control or & potential insensitive
chemical step, or both with the kinetics first order with respect to the

diffusing reactant. The stoichiometric number v has been calculated from the
activation polarization resistance (an‘/ai), evaluated at n = 0, by means of

the equation

gl ([ag (“d) RE 1 v
(-—rio-\ai)o- e Mt S e e

vhere (3n/31)o and (3nd/3i)°, are the overall polarization resistance and the
concentration polarization resistance, respectively, and n is the overall

number of electrons per mole of 02(n = 2), This equation involves ihe assumption
that only one step is rate controlling (_e_&‘_e_, charge transfer), Furthermore in
using (io)a from eq. (5) in eq. (6), the additional assumption is made that the
(io)a is constant over a potential range extending from n = 0 through the linear
region of the =n vs log [i/(iL-i)] plots in Fig. 10. The concentration polarization

resistances have been calculated by means of the equation:

( 322) « &8 A (1)
ai oF 1
° D

where the diffusion limiting current density has been obtained fram the slopes
of the plots in Fig. 7. Mass transport of peroxide can be neglected in view of
its high concentration.

The values of the stoichiometric number listed in Table III are consistently
higher than 2 but provide evidence favoring 2. This deviation is not surprising
since the assumption that the activation polarization involves only charge transfer
as rate controlling is not fully valid if the plateaus in Figs. 8 and 12 are
caused by a limiting chemical ste,.

The following mechanism for 02 reduction to peroxide is compatible with

the experimental data:
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Step I, 0, + 02(ad)
Step II. 0,(ad) + HOH + e - HO,(ad) + OH"
Step III. 2 H02(ad) + OH™ =+ Ho2' + 0, + HOH

This mechanism does not involve 0=0 bond rupture, has a stoichiometric number of

, concentration and zerc order in OH™ and H02'° Step II

has been written in the form shown rather than in tae form Oa(ad) + e - 02'(ad)

2, end is first order in O

since the observed Tafel slopes correspond to an apparent transfer coefficient of
0.5, If charged specifically adsorbed species were involved in the rate=
determining charge transfer step, the observed transfer coefficient would be
expected to deviate substantially from this valucf for an one=electron charge
transfer step.

Step III may proceed through several separate steps involving desorption and
ionization of H,0,- o or 02' are first desorbed
and then react together in the solution phase immediately adjacent to the electrode

It is unlikely, however, that HO

at any appreciable rate. On the basis of Latimer's estimateslh of the free
energies of formation of these species in aqueous solutions, the standard reduction

potentials for the following reactions are

0, +e-~ 02‘ E° = «0,56 V

O, + HOH + e » HO, + OH™ E® = «0,96 V

5 Gnanamuthu and Petrocelli17 have listed Tafel slopes for various reaction

mechanisms with the assumption that adsorbed species are in an inner
Helmholtz plane at a potential corresponding to one half the potential drop
between the metal and the outer Helmholtz plane. This assumption is
difficult to accept. The point is well made, however, that the apparent
transfer coefficient should not be 0.5 under these circumstances since the
fraction of the potential drop driving the charge transfer step is
considerably less than that when the charged reacting species are in the
outer Helmholtz plane.



23

At the standard reduction potential of the 02-peroxide couple3 (E° = -Ouoh8 V)

the concentrations of 02' and H02 would not exceed 10'8"5

respectively. These concentrations are far too low to support any appreciable

M and 1071° u,

current density through a homogeneous second-=order diffusion controlled reaction

in the Nernst layer adjacent to the electrode. At potentials several tenths of

& volt more cathodic, the concentration of 02 might reach a value where the

o + H20 -+ 02 + 502 + OE occurs

at an appreciable rate. To be compatible with the experimental results, however,

homogeneous diffusion controlled reaction 2 0

the reaction would need to occur almost entirely within a distance from the
electrode small compared to the Nernst layer, Otherwise, less than two

electrons would be realized per 0, molecule transported through the Nernst

2
layer, which is contrary to observation.

The reduction mechanism has been written with the adsorption of 02 as the

first step on the basis that such a potential insensitive step might become
rate controlling at high currents and provide an explanation for the maximum
in ik' Alternatively, if the fraction of available sites for H02 which are
occupied at more cethodic potentials approaches unity, Step III might elso
give rise to a maximum in ike This seems less likely for a species as

reactive as HO, and furthermore it is questionable if the reduction would be a

2
linear function of log [i/(iL-i)]°

Evidence for an adsorption step preceeding the charge transfer step is to
be found in the reversible chemiadsorption of 02 on carbon from the gas phase,
presumedly without bond cleavage, as revealed by electron spir resonance
studieslev Both the line width and integrated peak height for the unpaired

delocalized electrons in the carbon are changed during the O, adsorption

2
probably because the adsorption involves an interaction with these unpaired
electrons and leads to their localization at surface sites.

The current-overpotential relationship corresponding to the mechanism
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represented by Steps I-IIll is
1/2

i =i F 1 =i lea, )F
- i = (i ) —Lexp - ia—n- b~ exp Jﬂ (8)
o2 ia RT 1b RT

vhere (io)2 and a, are the apparent exchange current density and transfer

coefficient for Step Il and

1 1 1 1 1 1
-1t ed - ¢ (8a,b)
i 11 dp L )3 4

where (io)l and(1°)3 are the apparent exchange current densities for Steps I and

III, respectively, and i is the diffusion limiting current density for 02 based

D

on two electrons/OQ» Note® that 1, is pogsitive and that 1_ and i), ere negetive;

the exchange current densities have no sign- The peroxide concentration has been

taker. to be high compared to that of O Further assumptions are that the

o

surface coverage with adsorbed O2 and H02 are small and that Step III is

relatively potential independent.

For eqs. (8a,b) to be applicable under anodic conditions, it must be
possible to achieve supersaturation of the solution adjacent to the electrode
with 0, by 8 factor® of [l-(i/iD)] without bubble formation relieving this
supersaturation to any appreciable extent. For the anodic current density
corresponding to the plateau in Fig- 12; this requires supersaturation by a
factor of “i.5 fold. Far greater supersaturation has been achieved in other

19

studies™  involving H, discharge on a rotating platinum disc electrode without

2
bubble formation over the surface of the electrode-
For the cathodic branch at sufficiently negative values of n, eq. (8)

reduces to eq- (5) where i, =i, and (10)2 = (io)a' For values of n such that

L
|Fn/(RT)l<< 1, eq- (8) reduces to
on an
on a d
31 - 31 31 (9)
where 3nd/3i is given by eq- (7) with n = 2 but an /31 is now
an
8 RT [ 1 1 1
‘-?- . = + opumiepe + ] (10)
CEN F (10)l i) 2(1033

Thus (io)a in eq- {(6) corresponds to the bracketted quantity on the right side

in eq: (10) with v/n = 1 whereas (io)a in eq- (5) corresponds to (io)ah



25

The validity of eq. (10) can be checked at least approximately with
cathodic and anodic data of the type represented in Figs. 8 and 12 for the edge
crientation of high pressure annealed pyrolytic graphite in 02-suturated
solutions of moderately high peroxide concentration. The application of
eq. (8a) to the current-rotation rece data in Fig. 8 at a potential of =0,5 V
re lg/HgO, 1 M KOH yields (io) 1 = 5.7 mA/cm2 for sweeps in the cathodic
direction and 4.6 mA/cm2 for sweeps in the reverse direction or 5 mA/cm2°
Likewise from the first sweep in the anodic direction in Fig. 12, ib is 6.0

mA/cnao Witk this value and that for i = «1.75 an/cm2 at 1200 rpm (see Table

D
III) eq. (8b) gives (io)3 = 1,35 mA/cha The values for (a"a/di)o - calc,
listed in the last column in Table III have been calculated with eq. (10) using
these values for (io)1 and (io)3 and, values for (io)a in this same table. The
comparison of the calculated and observed values for (ana/di) is quite favorable.
The terms involving l/(io)l and l/[2(i°)3] in eq: (10) also explain why the
stoichiometric numbers calculated by means of eq. (6) were consistently high
by 10 to 20%.

Unfortunately the large amount of hysteresis and general lack of
reproducibility encountered in the anodic studies of the Oz-peroxide couple
prevent a reliable test of whether the mechanism represented by Steps I=ITI is

followed in reverse for the oxidation peroxide tc 0 Just on the chance that

o0
the cathodic mechanism might be followed in reverse on the first anodic sweep,
the data in Fig. 12 were plotted in terms of E vs. log [i/ \/i—b:i_]. Some
indication of linearity was found at n >> RT/F but this linearity extended only
over a decade and the slope was 0.27 V/decade, a value far too high to be
complementary to the observed cathodic slopes for v = 2 or for that matter any
integer value. Plots of n vs log [i/(ib-i)] for the first anodic sweep also
are relatively linear over a decade with & slope of 0.22 V/decade.

The anodic behavior after a number of sweeps in either direction also does

not match up with eq- (8). No limiting currents are evident and the Tafel plots
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(log 1 vs E) exhibit linearily over 1.5 to 2 decades but the slopes are high and
not reproducible (0.22 = 0,30 V/decade). The reaction orders of 1 for H02' and
0 for OH do not match up with those expected for the reverse of Steps I-IIl with
Step II rate controlling. Much of the difficulty is believed to arise because
of progressive changes in the state of oxidation of the graphite surface at
these anodic potentials. At this time, little can be coicluded as to the
mechanism for peroxide oxidation on pyrolytic graphite.

It is interesting to note, however, that tae observed reaction orders for
502- and OH~ do coincide with those for the reverse of Step III as rate
controlling. Perhaps the progress changes in the surface properties at anodic
potentials are suci .1av Step IIl becomes rate controlling. The high Tafel
slopes may correspond to some small amount of potential dependence for the
rate of thie step.

3,15

In the earlier studies of the 02-peroxide -vuple on paraffinefilled

graphite electrodes, an anodic limiting cw'rent of 8 kinetic origin was
observed and found to be first order in H02' at concentrations from 0.11 to
0.66 M in 4 M KOH and zero order in OH~ at concentrations from 0,1 to 3.8 M

with 0.3 M HO_~ present. Furthermore plots of n vs log [1/(41;=1)] for peroxide

2
oxidation yielded linear plots for n > RT/F with slopes of "0.12 V/decade over

1,5 to 2 decades. In contrast the cathodic behavior of the O,-~peroxide couple on

2
the paraffin-filled graphite was almost the same as on the edge surface of the
high pressure annealed pyrolytic graphite, the principle difference being that
for the paraffin-filled graphite the limiting current appeared to be entirely
diffusion controlled. Further work is required tc identify what chemical
features of these two surfaces are responsible for the differences in the

behavior of the 0_-peroxide couple on them.

2
The mechanism represented by Steps I-II1I does not reflect “he chemical
features of the surface. Specific chemical groups nay be involved as inter=

mediates. T[Puture work will be directed to establishing what chemical groups are
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present and what their role in 02 electrode kinetics may bve.
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Figure 1. Electrochemical cell (counter electrode and gas saturation
tube not shown). A - leflon coated rotating steel shaft, b - gas inlet,
C - Teflon cover, D = Viton O-ring, E - Luggin capillary, F - Teflon cell,
G - drain tube, li = working electroce (graphite), I - Kel-F electrode
mounting, J - solution level, K - connection to reference electrode.
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Figure 3. Reduction of O2 on cleavage orientation of oruinary pyrolytic
graphite, Llectrolyte: 1l M KCn, pressure 0p: 0,97 atm, temperature:
22°C, electrode area: 0.156 cme. Rotation rates inuicated on curves in
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Figure v, Keduction of Up on the edge surfuce of high pressure annecalec
Wrolytic grapnite at fixed potentials. clectrolyte: 1 s hOl, vressure
oD wim, temperature: 22°C, area: 0.22 cm<, Curve A: =0.43 V re Lg/hem
L i run, Curve is: =0,30 V, Curve C: =0.,25 V,




35

TAGET0= D eAanD A 0£°0= T SAIMD ‘HOW U T ‘0Fy/FU B1 A £a°0- 1Y SAINA  ¢_md QKTD
i8axe '), 2z :aaniexadmdy ‘mye LE*p :C0 sanssaad oy W T :83£702309TF .mmwﬁpnuuon
paxTl 1% 331udexd o134L7T0a4d Axsvurpao JOo IdeIams a%BATaTd uo 2p jJo uor3onNpPay ¢, IamITy

(z/)-wdd) 5, _4
90°0 G600 +HO0O €00 200 10°0
| | | | |




Current (ma)

36

+0.] =

]
=
|

'

e

N
|

1 1 1 1 1
-07 -06 -05 -04 -0.3 -0.2 -oO. O

Potential re Hg/HgO, I M KOH (V)
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Figure 13, Oxidation of peroxide on cleavage surface of ordinary pyrolytic
graphite. Llectrolyte: 0,079 M HO,” + 0.921 i KOH, pressure 02: 0,97 atm,
temperature: 22°C, electroae area: 0,196 cme. rotation rate: 1200 rpm,
Curves A: lst scen, Curves B: Lth scan.
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Figure 1b. Depenuence of oxidation of h02- on pi for cleavage surface of
ordinary pyrolytic graphite at constant electroue pctentiual. Llectrolyte:

1 4 AOk + 0.078 M H0p + varying amounts of 1,50, pressure O,: 0,97 atm,
teuperature: 22°C, rotation rate: 1200 rpm, area: 0,190 cme. potential: 0,30
re lig/iig0, 1 ¥ KOH.
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